In this work, the DNA sequence of the transcriptional switch that affects the development of the P2 Hy dis bacteriophage was determined. The switch contains two face-to-face-located promoters and two repressors, Cox and C. The locations of the Pc and Pe promoters were determined by primer extension analysis. The P2 Hy dis homolog of the P2 multifunctional Cox protein was shown to be able to substitute for P2 Cox in repression of the P2 Pc promoter, excision of the P2 prophage, and activation of the satellite phage P4 P LL promoter. A directly repeated sequence, flanking the Ϫ35 region of the Pe promoter, was found to be important for C repressor binding as well as for repression. The P4 E protein was shown to derepress the developmental switch of P2 Hy dis in a plasmid-based derepression assay.
INTRODUCTION

P2
Hy dis was first isolated by Bertani in 1957 and was defined as a disimmune P2 mutant. Further characterization revealed differences from wild-type P2 in several other properties, such as plaque size, plaque form, and heat sensitivity (Cohen, 1959) . Since a single mutation cannot cause all these differences, P2 Hy dis was considered to be a hybrid phage. The infecting P2 phage and a hypothetical prophage carried by Escherichia coli strain B could have recombined, producing hybrid offspring. P2 Hy dis has a slightly higher buoyant density than P2, indicating a higher DNA content (Cohen, 1960) . By electron microscope heteroduplex mapping of wildtype P2 and P2 Hy dis DNA, three nonhomologous regions were demonstrated and located at positions 75.7-77. 4%, 81.2-81.5% and 88.3-102 .2% from the left cohesive end of the P2 chromosome (Chattoraj and Inman, 1973) . The latter confirmed that the P2 Hy dis genome was slightly longer than that of P2, but the cos sites were found to be similar. The nonhomologous 75.7-77.4% region should correspond to a part of the P2 int gene, the repressor C gene, and possibly the Pe-Pc region, which would explain why P2 Hy dis is heteroimmune to P2.
P2 belongs to a group of related nonlambdoid phages that can serve as helpers for the unrelated satellite phage P4 (Bertani and Six, 1988; Lindqvist et al., 1993) . P4 lacks late gene functions and is therefore dependent on a helper for lytic growth. The late gene functions can be provided by a coinfecting P2 or P2-related phage or by a P2 prophage. In the latter case, the P4 E protein has been shown to turn the transcriptional switch of P2 from lysogenic to lytic mode (Liu et al., 1997) , and it has been shown that E binds to the P2 C immunity repressor and thereby acts as an antirepressor (Liu et al., 1998) . The developmental switch of P2 contains two mutually exclusive promoters, the early promoter Pe and the repressor promoter Pc, and the two repressors C and Cox (Lundqvist and Bertani, 1984; Haggård-Ljungquist et al., 1987) . The Pe and Pc transcripts have a predicted overlap of 37 bp. The C gene is the first gene of the Pc transcript and its product functions as a repressor of the Pe promoter. The C protein also autoregulates the Pc promoter, positively as well as negatively (Saha et al., 1987a) . The cox gene is the first gene of the early operon, and its product acts as a repressor of the Pc promoter; at high concentrations it also reduces the activity of the early Pe promoter ( Fig. 1A) (Saha et al., 1987b) . The Cox protein is multifunctional, since it also is required for the excisive recombination leading to excision of the P2 prophage from the host chromosome (Yu and Haggård-Ljungquist, 1993) and for P2 derepression of the P4 prophage (Saha et al., 1989) .
The transcriptional switches of the P2-related phages W, 186, and HP1 are similar in structure and function. The two promoters have the same face-to-face location (Liu and Haggård-Ljungquist, 1999; Dodd et al., 1990; Esposito et al., 1996) , and the cox equivalent genes (named apl in 186) have repressor as well as excisive functions (Liu and Haggård-Ljungquist, 1999; Dodd et al., 1993; Reed et al., 1997) . Phages W and 186 are heteroimmune E. coli phages, while HP1 grows on Hemophilus influenzae. The switch of 186 is different from that of P2 in that (i) the CII protein is necessary to establish lysogeny, like in , (ii) the 186 switch is SOS inducible (Brumby et al., 1996) , and (iii) the switch cannot be derepressed by P4, indicating that the 186 CI repressor is unable to interact with the P4 E protein. The 186 CI and P2 C proteins have different lengths, 192 and 99 amino acid residues, respectively, and share little sequence similarity. The HP1 genome does not encode any CII-like repressor, but the CI immunity repressor is more similar to that of 186 than to the P2 repressor, especially in the C-terminal end. It is not known whether the HP1 prophage can be derepressed by the P4 satellite phage, but it seems unlikely based on the amino acid sequence similarity of the HP1 CI repressor and the CI repressor of phage 186. Details of only two switches that can be derepressed by the P4 E protein are known, those of P2 and W.
Characterization of developmental switches of phages in the P2 family is important for gaining further insights into the nature of the switch and for revealing the minimal interaction surface of the immunity repressor with the E protein of phage P4. In this work, the DNA sequence of the transcriptional switch of P2 Hy dis has been determined and characterized in respect to promoter location and repressor binding sites. This information is compared to that on P2 and W.
RESULTS
DNA sequence of the developmental switch region of P2 Hy dis del1
When the 75.7-77.4% region of P2 Hy dis, corresponding to the int-C, and possibly the Pe-Pc region, was sequenced it was found that the N-terminal part of the int gene, the spacer region, and the C-terminal end of the C gene were almost identical to those of P2. This shifted the heteroduplex region, as determined by electron microscopy (Chattoraj and Inman, 1973) , about 1% to the right. From nucleotide 116 to nucleotide 629, encompassing two-thirds of the C gene, the Pe-Pc region, and about two-thirds of the cox gene, the sequence was only 62% identical to that of P2 (Fig. 1B) .
Location of the two promoters in the developmental switch
To locate the P2 Hy dis Pe promoter, the DNA region containing both the Pe and Pc promoters was cloned into a cat reporter gene vector, in the orientation in which Pe directs the cat gene (pEE914). Total RNA was extracted and a primer located 92 nucleotides upstream the presumed Ϫ10 region was used to detect the start site of the Pe transcript. A major extended cDNA band corresponding to approximately 86 nucleotides in length was found, and this fits well with the presumed start site (Fig. 2A) .
For the P2 Hy dis Pc promoter to be active, the opposing Pe promoter must be turned off. In order to repress the Pe promoter, the P2 Hy dis C-Pe-Pc region was cloned into the cat reporter vector, with Pe controlling the cat gene (pEE915). In this construct the C gene would be expressed from Pc and the C repressor would repress the Pe promoter. Total RNA was extracted and a primer located 142 bp upstream of the start codon of the cox gene was used in the extension reactions, since there is no obvious start site for the Pc transcript. This resulted in a weak band of approximately 125 nucleotides. This cDNA implied that the Ϫ35 region was located in the coding part of the cox gene and was thus not included in the clone, which would explain the faint nature of the cDNA band. The fact that a transcript was obtained from the incomplete promoter supports the observation that promoters having the Ϫ10 region extended with TG are less dependent upon the Ϫ35 region for binding of RNA polymerase (Barne et al., 1997; Helmann and deHaseth, 1999) . The C-Pe-Pc region was cloned again with the intact Pc promoter in the hope of strengthening Pc (pEE920). Total RNA was extracted and the 125 nucleotide cDNA band was now stronger, although more total RNA than had been necessary for detecting the Pe transcript had to be used in the primer extension experiment (Fig. 2B ). This was to be expected, considering that the sequence of the Pe promoter is more similar to the consensus E. coli promoter than is the Pc promoter.
Binding of P2 Hy dis Cox and P2 Cox to the P2 and P2 Hy dis developmental switch regions A comparison of the predicted amino acid sequences of the multifunctional P2 Cox and P2 Hy dis Cox proteins showed that the carboxy-terminal 43 amino acids of both proteins are identical (Fig. 3A) . The Cox protein of phage P2 contains a helix-turn-helix motif (HTH) at the N terminus, which most likely is involved in DNA binding, since important structural amino acids are conserved between P2 Cox and the Cro repressor of phages , 434, and P22 (indicated by arrows in Fig. 3A ). These structural amino acids includes the glycine involved in the turn and the amino acids involved in helix positioning, the alanine in helix 1 and the isoleucine/valine in helix 2 (Hendrix et al., 1983) . The first structural helix is completely conserved between P2 Cox and P2 Hy dis Cox. Five amino acids are different between P2 Cox and P2 Hy dis Cox in the turn and in the second DNA recognition helix. In Cro, all direct contacts with bases in the DNA came from the HTH motif, whereas in the CI repressor other regions of the protein are also involved in DNA binding (Albright and Matthews, 1998) . It is therefore not clear from sequence comparisons whether P2 Cox and P2 Hy dis Cox would recognize the same DNA sequence or not.
The multifunctional P2 Cox protein has three natural DNA binding targets, the P2 Pe-Pc region, where it acts as a repressor of the Pc promoter, the P2 attachment site, where Cox binds and mediates excision of the prophage, and the P4 P LL promoter region, where Cox activates transcription. Binding of P2 Hy dis Cox to both the P2 Pe-Pc and the P2 Hy dis Pe-Pc regions was analyzed by electrophoretic mobility shift assay (EMSA) and compared to P2 Cox using partially purified proteins. An increasing amount of either P2 Hy dis Cox or P2 Cox protein was incubated with the two DNA substrates. Two retarded complexes could be seen with increasing amounts of either protein with the P2 Hy dis Pe-Pc substrate (Fig. 4 , lanes 2-4 and 5-7). One faster migrating complex was also formed at the lowest P2 Cox concentration, but the band is too faint to be seen in the figure. Both proteins were also shown to bind to the P2 Pe-Pc region, generating three shifts (Fig. 4, lanes 9-11 and 12-14). It should be noted that the length differed between the two substrates and that the Cox binding sites were located differently in respect to the ends of the respective DNA substrates.
Cox repression in trans of the P2 Hy dis, P2, and W Pc promoters To examine repression of the heterologous Pc promoters by the P2 Hy dis Cox protein, a reporter system was used in which each of the respective Pc promoters was coupled to a cat gene. The Pc promoter of phage W has been shown to be too weak for quantitative chloramphenicol acetyltransferase (CAT) measurements (Liu and Haggård-Ljungquist, 1999) , and therefore the activity of the Pc promoter was detected as growth on low-concentration chloramphenicol plates. In contrast, the P2 Pc-cat reporter could be analyzed on high-concentration chloramphenicol plates, since the Ϫ35 region of the Pe promoter had been deleted from the clone, which uncouples the Pc promoter from Pe. The reporters were transformed into BL21(DE3) cells, together with the different Coxexpressing plasmids pEE735, pEE913, pEE903 and the control plasmid pSS27-5. Both P2 and P2 Hy dis cox genes are under T7 promoter control, whereas the W cox gene is transcribed from the bla promoter. Possible variation in protein expression was not considered in this work.
Overnight cultures were diluted before being plated on chloramphenicol plates. The cat gene of the P2 Pc reporter was repressed in the presence of P2 Cox or P2 Hy dis Cox, but was active in the absence of any Cox protein or in the presence of W Cox ( 
P2 Hy dis Cox complementation of a cox defective P2 prophage
P2 Cox binds to the P2 attachment region and promotes excision of P2 DNA from the host cell chromosome. The P2 cox defective lysogenic bacteria C-6005, which is unable to produce phages spontaneously during growth, was transformed with plasmids expressing P2 Cox or P2 Hy dis Cox (pEE720 and pEE912), and complementation was analyzed by production of free phage particles in overnight cultures ( Table 2 ). The number of P2 phages produced per bacterium transformed with the P2 Hy dis Cox-expressing plasmid was almost the same as cells transformed with the plasmid expressing P2 Cox, indicating that P2 Hy dis Cox is as efficient as P2 Cox in promoting P2 excisive recombination.
P2 Hy dis derepression of prophage P4
To analyze the capacity of P2 Hy dis Cox to activate the P4 P LL promoter, the P4 lysogenic strain C-1906 was infected with P2 Hy dis phages at a multiplicity of five phages per cell. After about 60 min, the cell lysis suspension was cleared and plated on nonlysogenic bacteria to score the number of P2 Hy dis phages produced. The number of P4 phages produced was determined by plating on bacteria lysogenic for P2 Hy dis and it was found to be about 200-fold less than the number of P2 Hy dis phages. During a P2 infection of a P4 lysogenic cell, the ratio of P2 phages to P4 phages was about the same as found here (Six and Klug, 1973) . To ensure that the small plaques obtained on P2 Hy dis lysogenic bacteria were P4 phages, the small plaques were picked and replated on nonlysogenic and P2 Hy dis lysogenic indicator bacteria. The small plaques only grew on cells containing the helper prophage, confirming that these plaques were P4.
C binding and repression of the Pe promoter
A comparison of the amino acid sequence of the P2 Hy dis C repressor with that of the P2 C repressor showed that 35 of 99 amino acid residues were different and that these residues were mainly located at the N terminus (Fig. 3B) . The assumption that the N-terminal end of the repressor is responsible for DNA recognition is consistent with the fact that P2 and P2 Hy dis have different immunities. Two direct repeats of 8 bp flanking the Ϫ10 region of the Pe promoter have been implicated in P2 C repressor binding, since that region has been shown to be protected in DNaseI footprinting experiments (Saha et al., 1987b). A similarly located pair of 10-bp repeats has been subjected to mutational analysis in phage W (Liu and Haggård-Ljungquist, 1999) . In this work it was shown that introduction of single-base-pair substitutions in one of the repeated sequences did not affect Pe repression, but the combination of one mutation in each repeated sequence totally abolished Pe repression. The P2 Hy dis sequence does not contain a repeat with a location similar to those in P2 and W. However, the repeated sequence CTCCGA is found flanking the Ϫ35 region of the Pe promoter.
To elucidate the involvement of the repeated sequence in repression of the Pe promoter, the plasmid pEE915, carrying the C-Pe-Pc region with the Pe promoter directing a cat gene, was subjected to mutational analysis. Single-base-pair substitutions were introduced into the direct repeat and the repression of the Pe promoter was quantified by CAT assays (Fig. 5) . Changing one of the base pairs in the first repeat, o1, did not affect the repression of Pe (Fig. 5, compare wt and o1 ). This is in agreement with the observation made in W. However, if a single mutation was introduced into the second repeat, o2, there was no repression (Fig. 5, compare  lanes o1o2 and o2) . This led us to speculate that the repeat in fact included two more nucleotides on the 5Ј side and that the o2 site already contained a "natural mutation," our construct therefore behaved as a double mutant. To test this hypothesis we introduced another mutation in the 5Ј end of the o2 repeat that would extend the repeat to 8 bp. Now repression was restored to wild-type levels, although the o2 site contained one mutation (Fig. 5, o2 R ). These data imply that the repeat is involved in the repression of the Pe promoter and that the repeat is 8 bp long, with an imperfect identity in the P2 Hy dis phage.
To see if repression, as detected by CAT assays, was directly correlated with C binding to the Pe promoter, EMSA experiments were performed with the Pe-Pc region and crude extracts of BL21(DE3) pLysS cells overexpressing P2 Hy dis C from plasmid pEE922. At least four distinct migration shifts were obtained with the C repressor and the wild-type P2 Hy dis Pe-Pc region (Fig.  6A, lanes 1-6) . Using a crude extract in which C protein expression had not been induced did not cause any shift, even at the highest protein concentration used (Fig. 6A,  lane 13) . The C repressor seemed to have lower affinity for the mutant substrate (o1o2 with single mutations in both o1 and o2) than for the wild-type substrate. This can be seen as the retarded band appears at a slightly higher protein concentration for the mutant substrate than for the wild-type substrate (Fig. 6A) . Interestingly, one of the retarded bands seen with the wild-type substrate (indicated as II in Fig. 6A ) cannot be seen for the mutant substrate, indicating that this protein-DNA complex was not formed. To further investigate the need for the repeated sequence in C binding, a "half-site substrate" was used in which the o1 repeat was excluded from the DNA fragment used. The C repressor caused only a single retarded shift with the half-site substrate, and this shift seems more unspecific, since the band is less distinct and the specific band does not increase in intensity as the nonshifted DNA band becomes weaker (Fig. 6B ).
P4 derepression of the P2 Hy dis prophage
Upon a P4 infection of a P2 lysogenic cell, the P2 prophage becomes derepressed by the P4 E antirepressor (Liu et al., 1997) . The surface of the P2 C repressor that interacts with the P4 E antirepressor has been localized by a phage epitope display technique (Liu et al., 1998) and mutational analysis (Renberg- Eriksson et al., 2000) . This region is well conserved in the P2 Hy dis C repressor; only 2 of 10 amino acid residues are different and they are conserved with respect to hydrophobicity. To analyze derepression of the P2 Hy dis phage, the activity of the Pe promoter in pEE915 (C-Pe-Pc-cat) was measured after isopropyl ␤-D-thiogalactoside induction of the E antirepressor from pEE804 in BL21(DE3) cells, as described previously (Liu et al., 1997) , and compared to the level obtained with the equivalent P2 reporter construct. To quantitate the levels of CAT expression, cell extracts were prepared from samples taken before and Note. CFU (colony-forming units) and PFU (plaque-forming units) were determined from cultures grown overnight in 30°C in LB (Luria Bertani broth, see Sambrook et al., 1989 ) with 10 mM potassium phosphate (pH 6.8). The CFU per milliliter was determined by plating on LA plates. The PFU per milliliter was determined on LA plates with 2.5 mM CaCl 2 with C-1757 bacteria as an indicator.
after 120 and 180 min of induction. Both the P2 Pe and the P2 Hy dis Pe promoters were derepressed after induction of E expression, and the amount of acetylated chloramphenicol was about the same (Fig. 7 , lanes 2-4 and 6-8). The CAT values indicated have been normalized against a fully active P2 Pe promoter (Fig. 7, lane 9) . Both the P2 Pe and the P2 Hy dis Pe promoters were slightly active even before induction of E protein expression (lanes 2 and 6), indicating that only a small amount of the E antirepressor was needed to inactivate the repressor. The uninduced samples can be compared to the negative control, in which no E protein was present (Fig. 7, lane 1 for the P2 control and lane 5 for P2 Hy dis control) and in which no CAT activity could be detected.
DISCUSSION
The developmental switch in the P2 family of phages has two main features. The lytic and lysogenic promoters are arranged face-to-face, with overlapping transcripts of 40-80 bp, and the Cox proteins (Apl in 186) combine their repressor role with an excisionase function. In this work the switch region of P2 Hy dis was sequenced and the two promoters were localized by primer extensions. It was found that the Pe and Pc transcripts overlap by 75 bp. It has previously been shown in phage P2 that transcription from the Pe promoter interferes with Pc transcription, and it was proposed that this may be a consequence of divergent transcription or a posttranscriptional control mediated by RNA/RNA interaction (Saha et al., 1987a) . The Pe and Pc transcripts of phage P2 have a predicted overlap of 37 bp. In the P2 Hy dis and W phages the overlaps are longer, about 75 and 80 bp, respectively, which may mediate a stronger interference of transcription from Pe on the Pc promoter. Our results show that the P2 Hy dis Pc promoter is too weak to confer chloramphenicol resistance, and whether this is a consequence of promoter strength only or if transcription from Pe influences the Pc strength is not resolved in this study. That the Pc promoter, as judged by the sequence, seems stronger than our results indicate favors the hypothesis that the long overlap region between the Pe and Pc transcripts has a negative effect on the Pc promoter. The ratio between the strengths of Pe and Pc could ultimately affect the lysogenization frequencies of the respective phages.
The multifunctional Cox protein
The P2 Cox protein is multifunctional, since it represses the P2 Pc promoter, is an architectural component of the P2 excisome, and activates the P LL promoter of the unrelated satellite phage P4. The P2 Hy dis Cox protein is highly homologous to the P2 Cox protein, with only 14 amino acids of 91 being different. Two of these different amino acids are located in the putative DNA interacting helix (␣2) and three others are located in the turn. This prompted us to investigate whether P2 Hy dis Cox protein acted like P2 Cox on the three different DNA targets. It was shown by EMSA that P2 Hy dis Cox binds not only to its own Pe-Pc promoter region, but also to the Pe-Pc region of phage P2. Furthermore, the binding of P2 Hy dis Cox seems highly cooperative, as has been found also for P2 Cox . The binding of P2 Hy dis Cox to the P2 Pe-Pc region was further shown to repress the activity of the P2 Pc promoter. P2 Hy dis Cox was also found to be able to substitute for P2 Cox during excision of the P2 cox defective prophage from the bacterial chromosome. It could also be shown that P2 Hy dis Cox activates the P LL promoter of the satellite phage P4, because the P4 prophage is derepressed after P2 Hy dis infection of a P4 lysogenic cell and there is production of P4 phage particles.
Since P2 Hy dis Cox protein binds to the P2 Cox DNA targets, and vice versa, the recognition sequence of the two proteins must be identical or highly homologous. The P2 Cox protein binds to a 9-bp consensus sequence, TTAAA(G/C)NC(A/C), which is repeated six times in the three different targets . The spacing and relative orientation of the Cox boxes is different for all three DNA targets. By sequence inspection, six Cox boxes can be found in the P2 Hy dis Pe-Pc promoter region (Fig. 1B) . Five of them are located in a similar DNA region, but the Pc proximal Cox box is closer to the other boxes than the Pc proximal Cox box in the P2 Pe-Pc region. There are some minor differences in the first five Cox boxes of the P2 Hy dis Pe-Pc region in respect to the P2 Pe-Pc region, regarding spacing and homology to the consensus Cox box sequence. When the numbers of conserved base pairs are added and divided by the total number of bases in all six Cox boxes for the P2 Pe-Pc region and the P2 Hy dis Pe-Pc region, the percentage is 74% for P2 and 69% for P2 Hy dis. Thus, there is a small difference in overall homology to the consensus sequence. P2 Cox and P2 Hy dis Cox may have different affinities for the P2 Pe-Pc and P2 Hy dis Pe-Pc targets; the P2 Hy dis Pc promoter seemed more repressed in the presence of P2 Hy dis Cox than in the presence of P2 Cox. W Cox can neither replace P2 Cox during excision of the P2 prophage nor repress the P2 Pc promoter. In addition, the W phage cannot activate the P LL promoter of satellite phage P4 (Liu and Haggård-Ljungquist, 1999) . The W Cox protein was shown in this study to be unable to repress the P2 Hy dis Pc promoter as well. In addition, the Cox proteins of P2 and P2 Hy dis were unable to repress the W Pc promoter. This indicates that W Cox has a different DNA recognition sequence than the P2 and P2 Hy dis Cox proteins. The amino acid sequences of P2 Hy dis and P2 Cox are more similar to each other than they are to the sequence of W Cox (Fig.  3A) . In the putative HTH part of the protein, W Cox has only 3 amino acids of 10 identical to P2 Cox in the structural helix 1 and 3 amino acids of 10 in the putative DNA interacting helix.
The C immunity repressor and its operator
The C repressor of P2 Hy dis is identical to P2 C in the C-terminal 25 amino acids. This supports our previous hypothesis that the C terminus is involved in dimerization and that the amino acids that are contacting the DNA are located in the N terminus (Liu et al., 1998) . The C repressor has no obvious DNA binding motif, but in the N terminus there are two putative ␣-helices that may be involved in DNA binding. Two mutations of P2 C, c5 and c8, have been localized to this region (Ljungquist, 1984) , and the amino acid substitutions make the repressor temperature sensitive. The c8 mutation has been shown 
FIG. 7.
CAT assays with P4 E added in trans to the developmental switch reporter plasmid of P2 (pEE675) and P2 Hy dis (pEE915). The P4 E protein was induced from plasmid pEE804 and samples were assayed for CAT activity at different times after induction as indicated in the figure. Lanes 1 and 5 are negative controls with the respective reporters in combination with the pSS27-5 plasmid, which contains no ⑀ gene. Lane 9 contains the pSS32-1 plasmid with the fully active P2 Pe promoter. Under each respective lane is the relative CAT activity shown when the activity of pSS32-1 is set to 1. not to affect dimerization, and therefore it is likely that this residue affects DNA binding (Renberg- . It is interesting that the c5 mutation affects an amino acid that is conserved between P2 and P2 Hy dis, and sequencing of a temperature-sensitive repressor of P2 Hy dis, P2 Hy dis vir14 (Cohen, 1959) , showed that the same residue was affected with a glutamic acid residue substituted by a lysine. The part of the P2 C repressor that affects dimerization has been localized to a region of the protein that also interacts with the antirepressor of the unrelated P4 phage (Renberg-Eriksson et al., 2000) . This part of the protein is totally conserved in P2 Hy dis C, and in the secondary structure prediction this region forms a ␤-strand, which is a structural motif known to mediate protein-protein interactions (Jones and Thornton, 1996) . This region is also highly conserved in the W phage.
As assayed by site-directed mutagenesis, the repression of the P2 Hy dis Pe promoter by the C repressor was highly dependent on an imperfect direct repeated sequence of 8 bp flanking the Ϫ35 region. C repression of the Pe promoter was unaffected when 1 bp was changed in the o1 site. When both o1 and o2 contained a single change, the C repressor could no longer act on the Pe promoter. The direct repeats of phage P2 that have been implicated in P2 C binding consist of an 8-bp sequence flanking the Ϫ10 region of the Pe promoter. The W C operator has a similar location, but the repeats are 10 bp. The different location of the P2 Hy dis operator, compared to the location in the P2 and W phages, indicates that there is flexibility in the DNA target for the immunity repressor. C repression could be mediated by a direct masking of the DNA from the RNA polymerase or C could interfere with subsequent steps in initiation of transcription. The presented results do not discriminate between the two mechanisms.
The C repressor of P2 Hy dis is able to interact with the satellite phage P4 E protein, as shown in the derepression assay. The P2 Hy dis Pe promoter is derepressed by the action of the E antirepressor. Furthermore, it looks like a very low concentration of the E protein is required to disable the C repressor, as seen in the derepression assay in which the Pe promoter has a rather high activity even when the E protein is not induced.
MATERIALS AND METHODS
Biological materials
Bacterial strains and plasmids used are listed in Table 3.
DNA sequencing
DNA was sequenced either using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit and analyzed on an ABI PRISM 377 DNA Sequencer (PerkinElmer) or using Thermo Sequenase Fluorescent-labeled primer cycle sequencing kit and run on an Alfexpress (Amersham Pharmacia Biotech). The sequence data were analyzed using the Wisconsin Sequence Analysis Package, UNIX version 10.0 (Genetics Computer Group, Inc.).
Plasmid constructions
All in vitro constructions were made with standard procedures (Sambrook et al., 1989) . The oligonucleotides used were obtained from DNA Technology and they are listed in Table 4 . E. coli C-1a was used as the initial recipient for transformations.
pEE912. The cox gene was amplified by PCR from P2 Hy dis del1 using the primers HydisA6 and 79.0L and cloned into the filled-in NcoI site of pET8c.
pEE913. A BglII-EcoRV fragment from pEE912, with the cox gene controlled by a T7 promoter, was cloned into the HincII site of pACYC177. A clone with the cox gene oriented in the opposite direction from that of the bla promoter was selected after sequencing.
pEE914 and pEE921. The Pe-Pc promoter region was amplified by PCR from P2 Hy dis del1 using primers A4 and A3-44 and cloned into the SmaI site of the pKK232-8 vector. Clones with the promoterless cat gene under Pe control (pEE914) and under Pc control (pEE919) were identified after sequencing.
pEE915. The C-Pe-Pc region, lacking the Ϫ35 region of the Pc promoter, was amplified by PCR from P2 Hy dis del1 using primers A4 and A5. The PCR fragment was cleaved with BamHI and cloned into the BamHI site of plasmid pKK232-8.
pEE916, pEE917, pEE918, and pEE919. The directly repeated sequence CTCCGA in pEE915 (C binding site o1 and o2) was changed to CTCAGA at position o1, o2, or both by PCR with the QuickChange Site-Directed Mutagenesis Kit from Stratagene using primers carrying the specific substitutions. Plasmid pEE916 has binding site o1 changed, pEE917 has the o2 binding site changed, and pEE918 has both sites changed. In plasmid pEE919 the directly repeated sequence was extended to 8 bp by introduction of the change TACTCCGA to TTCTCCGA in o2.
pEE920. The C-Pe-Pc region, including the Ϫ35 region of the Pc promoter, was amplified by PCR from P2 Hy dis del1 using primers A4-28 and 76.3R. The PCR fragment was cloned into the SmaI site of pKK232.8.
pEE922. The C gene was amplified by PCR from P2 Hy dis del1, using primers A2 and 76.3R, and cloned into the filled-in NcoI site of pET8c.
Primer extension
RNA was prepared from 5-ml cultures of E. coli C-1a pEE914 or pEE920 (OD 600 ϭ 0.8) using the RNeasy minikit (Qiagen). The purity of the extracted RNA was deter-mined spectroscopically, an A260/A280 ratio of greater than 1.7 being regarded as acceptable. Primers were 5Ј labeled with [␥- 32 P]ATP (Amersham Pharmacia Biotech) and purified using a MicroSpin S-50HR column (Amersham Pharmacia Biotech). The extension reactions were carried out with AMV reverse transcriptase and the Promega Primer Extension system. The Pe transcript was detected with the HD Pe primer (Table 4) using 5 g of total RNA extracted from C-1a pEE914, and the Pc transcript was detected with the HD Pc primer (Table 4) using about 50 g of total RNA extracted from C-1a pEE920. Extended products were separated on a 5% polyacrylamide gel with 7 M urea in 1 ϫ TBE (50 mM Tris, 100 mM boric acid, 5 mM EDTA). The gel was dried prior to autoradiography.
Cox purification
Protein expression was induced by adding isopropyl ␤-D-thiogalactoside (IPTG) to a final concentration of 0.5 mM to a growing culture of BL21(DE3)pLysSpEE913 in midlog phase. A quantity of 1500 ml of culture was harvested after 3 h by centrifugation and resuspended in 20 ml of buffer A (0.3 M potassium phosphate buffer, pH 7.5, 3 mM EDTA) supplemented with 0.5 M KCl. Cells were lysed by freezing/thawing and by sonication, and the supernatant was collected after centrifugation. The Cox protein was precipitated with ammonium sulfate (25% saturation) and redissolved in 2 ml of buffer A supplemented with 0.5 M KCl and loaded on a HiPrep 16/60 Sephacryl S-200 HR column (Amersham Pharmacia Biotech). The Cox-containing fractions were pooled and dialysed for 16 h against 50 mM potassium phosphate, pH 7.5. The white precipitate was collected by centrifugation and dissolved in a minimal volume of buffer A. Glycerol was added to 30% saturation and the protein concentration was determined by the method of Bradford (1976) .
Electromobility shift assays
Using purified Cox protein. DNA substrates were prepared by PCR from P2 Hy dis or P2 template using primers A3 and A4 or 7R and 77.4L (Table 4) , respectively. The substrates were 5Ј end labeled with [␥-
32 P]ATP (Amersham Pharmacia Biotech) and purified using a Micro- Spin S-50HR column (Amersham Pharmacia Biotech). About 8 ng DNA was incubated with the indicated Cox concentration in a 20-l reaction mixture containing 50 mM Tris-HCl, pH 7.9, 5 mM sperimidine, pH 8.2, 70 mM KCl, 0.3 mg/ml BSA, and 10% glycerol for 20 min at 30°C. The reaction was loaded on a nondenaturing 5% PAA gel and submitted to electrophoresis under cooling conditions at 20 mA in 0.5 ϫ TBE. The gels were dried prior to autoradiography.
Using crude extract from bacteria overexpressing the C repressor. Crude extract from BL21(DE3)pLysEpEE922 was prepared by adding IPTG to a final concentration of 0.5 mM to a growing culture at an OD 600 of 0.3. After 2 h of continued growth, 10 ml of culture was harvested by centrifugation and the pellet was resuspended in 2 ml of buffer (10 mM Tris, pH 7.9, 1 mM EDTA, 1 mM DTT, 0.5 M NaCl). Freezing/thawing and sonication lysed the bacteria, the supernatant was diluted 1000-fold, and the indicated volume was used for EMSA. DNA was prepared by PCR using plasmid pEE915 as template for the wild-type substrate and pEE918 as template for the o1o2 substrate and primers A3-44 and HD Pe (Table 4 ). The half-site substrate was prepared by PCR using plasmid pEE915 as a template and primers A3 and HD Pe. EMSA was performed as described above but in a reaction mixture containing 12% glycerol, 12 mM HEPES-NaOH, pH 7.7, 4 mM Tris-HCl, pH 7.5, 60 mM KCl, 1 mM EDTA, 1 mM DTT, BSA, and 0.05 g/l poly(dI:dC).
Chloramphenicol acetyltransferase activity determination
To prepare cell extracts, 10-ml cultures were harvested at an OD 600 of 0.8 or at the indicated time after induction of the E antirepressor. In the latter experiments, E expression was induced by the addition of IPTG to 0.5 mM when the cultures were at an OD 600 of 0.3. The cultures were washed in 100 mM Tris-HCl, pH 7.9 and lysed by sonication in a total volume of 2 ml, and then the extracts were cleared by centrifugation. The total protein concentration was determined (Bradford, 1976) and the supernatant was properly diluted before CAT determination with [
14 C]chloramphenicol. The acetylated forms were separated by thin-layer chromatography (Gorman et al., 1982) , and the CAT activity was calculated after PhosphorImage analysis as the amount of acetylated chloramphenicol divided by the total amount of chloramphenicol. 
